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Conical intersections are formed when 2 or more electronic states become degenerate and give rise to
ultrafast nonadiabatic processes such as radiation-less decay channels and geometric phase effects.
The branching of nuclear wave packets near a conical intersection creates a coherent superposition of
electronic states, which carries information about the energy difference of the involved states. X-ray
Raman techniques have been proposed to observe the coherent superposition of the electronic states
and to monitor the evolving electronic state separation. However, these techniques rely on the coherence
generated as the wave packet passes through the conical intersection, and the electronic energy
gap before the wave packet passes through the conical intersection is not tracked. In this paper, we
theoretically demonstrate how a nonlinear Raman detection scheme can be used to gain further insight
into the nonadiabatic dynamics in the vicinity of the conical intersection. We employ a combination of
a resonant visible/infrared pulse and an off-resonant x-ray Raman probe to map the electronic state
separation around the conical intersection. We demonstrate that this technique can achieve high contrast
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and is able to selectively probe the narrow electronic state separation around the conical intersection.

Introduction

Many crucial photochemical processes, such as photoisomer-
ization in the primary event of vision [1] and ultraviolet (UV)
light-induced DNA damage and repair [2], are mediated by
conical intersections (ClIs) [3-7]. CIs appear in molecules be-
cause of the breakdown of the Born—-Oppenheimer approxi-
mation (BOA) [8-11] when electronic states are energetically
close to each other. The BOA is used to separate the dynamics
of electrons and nuclei in a molecule. The electronic and nu-
clear dynamics become strongly coupled in the vicinity of a
CIL, which results in an ultrafast and radiation-less population
transfer between the involved electronic states. Most polya-
tomic molecules are believed to exhibit CIs [12], but their
direct observation is rather challenging. The challenge lies in
the rapidly changing energy separation between the electronic
states, which may span a few electron volts within a few femto-
seconds in the vicinity of a CI.

Advances in attosecond science [13-18] and x-ray lasers
[19-23] have opened up the possibility to observe and control
processes taking place on an attosecond time scale [24-31].
In the past, ultrafast spectroscopic techniques that track the
population decay or the transient change in vibration spectra
have been used to study Cls [32-36]. Spontaneous emission
spectroscopy [37-39] has been discussed theoretically to help
visualize the intersecting electronic states, thus giving mean-
ingful insight into the occurrence of a CI. Transient absorption
[39-45] and time-resolved photoelectron [46,47] spectrosco-
pies are, in principle, capable of observing the branching of
wave packets near a CI. Time-resolved photoelectron spec-
troscopy [46,47] and off-resonant Raman spectroscopic methods

[48,49] have been proposed to detect the presence of a coher-
ent electronic state superposition that is created because of
population transfer. One such off-resonant x-ray Raman tech-
nique is TRUECARS (transient redistribution of ultrafast elec-
tronic coherence in attosecond Raman signals) [49], which has
been proposed to observe vibronic coherences present in a
molecule.

A combination of 2 off-resonant pulses, called Raman probe,
is used to study the vibronic coherence in the TRUECARS
method. The resulting Raman signal directly shows the energy
separation between the involved electronic states. The Raman
probe is off-resonant with respect to the core-excited states, and
thus, the signal relies on the x-ray polarizabilities of the molecule
to detect the vibronic coherences. The electronic and vibrational
coherences constitute the vibronic coherences present in a mol-
ecule. The strength of the signal stemming from the vibrational
coherences depends on the populations of the valence states,
along with the polarizability. On the other hand, the strength of
the signal corresponding to the electronic coherence depends
on the nuclear wave function overlap of the involved electronic
states, along with the polarizabilities. For a nonstationary wave
packet in an excited state, the vibrational coherences are inevi-
tably present in a molecule and are much stronger than the
electronic coherence [50]. This results in a spectrum where the
vibrational contributions, created by the pump-pulse, can be
larger than the electronic coherences created by the CI. Apart
from containing contributions from vibrational coherences, the
unmodified TRUECARS technique can only track the electronic
state separation after the CI, not before the CI.

In this paper, we propose using an additional resonant pulse
to create a coherent superposition between the electronic states
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Fig.1.0verview of the model system. (A) One-dimensional slices of the PESs along the R, reaction coordinate are shown. The black dashed circle shows the point of degeneracy
between the two electronic states. Vertical arrows indicate transitions between the electronic states. Transition A corresponds to an electronic state separation of ~2.2 eV, and
transition B corresponds to an electronic state separation of ~0.8 eV. (B) Two-dimensional representation of the adiabatic PESs for the electronic states involved in the CI. (C)
The population dynamics of the V;, state (blue) and V; state (red). The time delay axis is referenced with respect to the pump-pulse interaction.

before the measurement with a Raman probe. The artificially
created superposition will allow us to gain additional information
about the electronic state separation before the wave packet
reaches the CI. The resulting signal is free from vibrational
coherences. We theoretically demonstrate the proposed tech-
nique with a CI in a model system and explore combinations
of dump-pulse and Raman probe parameters that can give a
deeper insight into the nonadiabatic dynamics near the CI
Recently, a similar approach of using resonant infrared fields
to enhance the features of coherences in x-ray diffraction has
been demonstrated theoretically [51].

Methods
Model system with a CI

To demonstrate the proposed technique for the study of nona-
diabatic dynamics in a molecule, a model system with 2 elec-
tronic states exhibiting a sloped CI is designed. The electronic
states in the considered system are 2-dimensional diabatic poten-
tial energy surfaces (PESs) that are coupled with diabatic cou-
plings in the region of the CI. One-dimensional slices of the
diabatic PESs of the 2 electronic states along the R, reaction
coordinate are shown in Fig. 1A. Analytic expressions that were
used to construct the diabatic PESs and the diabatic couplings
between the electronic states can be found in the Supplementary
Materials. The diabatic couplings between the electronic states
are constructed such that the diabatic-to-adiabatic transforma-
tion of the PES results in 2 adiabatic electronic states with a CI,
as shown in Fig. 1B. The adiabatic separation between the elec-
tronic states decreases while approaching the CI and vanishes at
the CI (see Fig. S1).

A UV pulse initiates the dynamics by transferring ~90% of
the V, state population to the V/ state. The population dynam-
ics of the electronic valence states are plotted in Fig. 1C. The
wave packets evolve on the V, state until they reach the CI
region around at R, = 2 bohr, and the population transfer

between states V; and V sets in around ~50 fs. The branched
wave packets move in the vicinity of the CI between 50 and
80 fs, and the system encounters 3 instances of population
transfer between the electronic states during that period. In
the first and third instances of the passage through the CI, 16%
and 21% of the total population transfers from the V/ state to
V, state, respectively. During the second pass over the CI, 5%
of the total population is transferred from the V| state to V,
state. The details of the quantum dynamics simulation can be
found in the Supplementary Materials.

Spectroscopic technique
The Hamiltonian of the molecular system reads:

I/'\I1=I/'\I0+I/:IP (1)

with H, being the bare molecular Hamiltonian for the valence
states and H p being the Hamiltonian corresponding to the pump-
pulse interaction with the molecular system. The bare-molecule
Hamiltonian is given by,

. T+V, C
Ho=lA°A°i] )
Cop TH+V,

where T = (~#2 /2m,) V?is the kinetic energy operator, with
Vbeing the gradient operator with respect to the reaction coor-
dinates R, and R,; m, is the reduced mass of the nuclei; Vs are
the PESs of the electronic states; and Cy, is the diabatic coupling
between the 2 valence states and is an operator in the nuclear
subspace. The pump-pulse Hamiltonian is given by,

~ = |0 Ho
Hp= —&p 3)
Hor O
with €p=Aycos (wpt)exp (—+2/26%) being the electric field
with amplitude A, = 15.43 GV/m, width 6 =1 fs, and center
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Fig. 2. (A) The pulse scheme and (B) the loop diagrams corresponding to the
spectroscopic method are shown here. The gray region defines the system prepared
using a pump-pulse, and |V) and |V’) indicate the electronic states. A discussion on

diagrammatic construction rules and their connection with correlation functions can
be found in the study of Biggs etal. [52].

frequency w,= 4.4 eV/h, and Hot is the transition dipole oper-
ator corresponding to the transition between V| and V/ states.
The system is in the vibrational and electronic ground state
initially, and the pump-pulse is used to prepare the system and
to initiate the nuclear dynamics.

To study the passage of the nuclear wave packet through
the CI, the model system interacts with the dump-pulse, which
creates a coherent superposition of the states V, and V. The
coherent superposition of the electronic states that is created
using the dump-pulse is probed using a Raman probe. The
off-resonant Raman probe, consisting of 2 fields (£, and &,),
interacts with the system to drive transitions between the elec-
tronic states V,, and V. Interactions of the excited molecule with
the dump-pulse and the Raman probe-pulse are treated with
time-dependent perturbation theory in the following. The total
Hamiltonian of the process takes the following form,

H(t)=H, + H,, (1) (4)

with e Deing the light-matter interaction Hamiltonian con-
sidering interactions of the molecular system with all light fields
except £ p. The interaction Hamiltonian H;,,, is expressed in the
interaction picture:

Hi(h)= (£0+&®) (), +in®)
+ @ [E;OE D +EDE )]

(5)

where, £)(t) is the dump-pulse, Hotis the operator correspond-
ing to the transition dipole moment between the valence states,
@ is the polarizability operator, and £, (f) and &,(¢) are the electric
fields in the Raman probe. The signal is defined as the integrated
rate of change in the photon number of the &, field [53],

5= j L (R0t ©)

where N 25 = a;r @, ¢ is the photon number operator correspond-
ing to the sth mode of the field € 5 It is a heterodyne-detected
signal, and the &, pulse is recorded after its interaction with the
molecule under study. Here, the expectation value in Eq. 6 cor-
responds to the joint field-matter wave function. The final signal
expression reads,

A=) & (wg) &, (t—1,)x
(7)

4 (e
S(CUR,TI,CO(),T()) = ?S J

—0o0

t
sj dt' (' —g)cos (ao (¢ 7))y (1))

where @, is the Raman frequency; £, and &, are the envelopes
of the electric field in the Raman probe with delay 7; £, is the
envelope of the dump-pulse; @, and 7, are the frequency and
the time delay of the dump-pulse, respectively; and Cy repre-
sents the correlation function,

Yo > (8)

Cr(tt') = <‘l/0 + Hop (t )]

where ¥y is the combined nuclear-electronic wave function at
initial time t = 0, which evolves according to the Hamiltonian
H . The loop diagrams corresponding to the correlation func-
tion in Eq. 8 are shown in Fig. 2B.

As can be seen in Eq. 8, the signal depends on the strength
of molecular properties, i.e., x-ray polarizability « and the tran-
sition dipole moments Ho1. It is essential to have nonvanishing
molecular properties for the proposed method to work, espe-
cially in the CI region. The proposed method can be used to
gain further insights into the nonadiabatic dynamics in mol-
ecules, such as, NO, [54] and LiF [55], which have allowed di-
pole transitions between the electronic states exhibiting Cls
or avoided crossings. In the system under study, we have con-
sidered the molecular properties to be constant with respect
to the reaction coordinates, R; and R,. Under this assumption,
the strength of the molecular properties along with the electric
field intensities can be grouped in a constant factor to Eq. 7.

The signal expression in Eq. 7 depends on the dump-pulse
parameters and the parameters of the Raman pulse, and hence,
multidimensional signals can be constructed by varying dif-
ferent combinations of parameters. Note that the signal in
Eq. 7 is antisymmetric with respect to wy and, thus, vanishes
when integrated over. To reduce the number of variables, one
can integrate over the positive Raman frequencies. The follow-
ing expression is used for the construction of spectra that are
to be displayed without frequency resolution in wp:

a7, (¢)

8 (71,00:79) = L dwgS(wg.71,00,7¢). 9)

By fixing 1 or 2 variables in Eq. 9, one can write 3 different ver-
sions of the signal: (a) §'(7;@y,7,) and (b) &' (71,793@5). A
third version can be obtained by Fourier transforming 7, (c):
[Se]
" (wyroimg) = J drle_iwlflS'(rl,TO;wo) (10)

—00

The first signal, (a) §' (7, ;0,7 ) fixes the dump-pulse param-
eters and varies the Raman probe delay. It contains information
about the time evolution of the coherent superposition created
by the dump-pulse at a specific resonance between V, and V.
The second signal, (b) §'(7,7¢;®, ), varies both delays 7, and
7. In addition to (a), the signal provides information about the
time interval for which the electronic states are resonant with
the dump-pulse. The third version, (c) $"(w,,7o;@p), is a
Fourier-transformed version of (b). The oscillations along 7,
directly contain the information about the energy separation
between states V,, and V.

Results and Discussion

We begin with discussing the signal of type (a), §'(7,;@y,7 ),
where the Raman probe delay is varied, and all other variables
are kept fixed. Figure 3A shows the signal that is constructed
when the dump-pulse with a center frequency of 2.2 eV inter-
acts with the system at 7, =30 fs. An oscillatory signal appears
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Fig. 3. Type (a) Raman and SWiFT signals for fixed dump-pulse delays: (A) Raman signal for dump-pulse delay 7, = 30 fs and the frequency w, = 2.2 eV (resonant with
transition Ain Fig. 1A). (C) Raman signal for dump—pulse delay 7, = 43 fs and the frequency o, = 0.8 eV (resonant with transition B in Fig. 1A). The vertical dashed lines mark
the half-period of oscillations in the signal. The persistence of the signal after the dump—pulse vanishes represents the lifetime of the wave function overlap created because
of the dump-pulse interaction. (B and D) SWiFT spectra for signals in (A) and (C), respectively, constructed using a window function with o, = 2 fs. The other parameters of

the dump-pulse and the Raman probe are 6, =2 fs, 5, = 0.5 fs,and 5, = 0.5 fs.

when the dump-pulse interacts with the molecule. The signal
is in phase with the dump-pulse and originates from the co-
herence, created by the dump-pulse via stimulated emission,
between the states V; and V. The period of oscillations in the
signal corresponds to the separation between the electronic
states. The signal persists for &5 fs after the dump-pulse van-
ishes. The decrease in the signal intensity indicates a vanishing
nuclear wave function overlap caused by the different gradients
in V, and V. Two pairs of vertical dashed lines in the spectrum
indicate the half-period of oscillation. The observed increase in
the period of oscillations indicates a decrease in the separation
between the states V| and V.. In order to visualize the evolving
electronic state separation embedded in the Raman signal in
Fig. 3A, asliding window Fourier transform (SWiFT) spectrum
can be constructed. A SWiFT spectrum can be calculated using
the following expression:

SF(TF’CUF) = ’ J

—00

o0
) 2,5 2

_ —(7,—7 20 / .
d1'1€ iopT) (r1=7£)"/ FSu(Tl,COO,To)

(11)
where 7 is the delay of the window function, o is the width
of the Gaussian window function, and 8/ is the analytical signal
of §' obtained using the Hilbert transform,

S, =F 27 {s'}U} (12)

where & represents the Fourier transform, and U represents a unit
step function. Figure 3B shows the SWiFT spectrum constructed
using Egs. 11 and 12. The signal appears around @y = 2 eV and
moves toward lower energies with the increase in the window
function delay. Therefore, the evolution of energy separation
between 2 states can be tracked using type (a) Raman signals.

-0.03

|
fary
o
o+

10 20 30
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Fig.4.Frequency-dispersed Raman signals for the dump-pulse delay 7, =40 fs and
the frequency w, = 0.8 eV (resonant with transition A in Fig. 1A). (A) The signal for
electronic states coupled via a Cl. (B) The signal for decoupled electronic states.
The intensity axes are rescaled to 3% of the maximum intensity of the respective
signals. The black dashed curve shows the time-varying electronic state separation
approximated using the wave functions in the V; state. The green curve shows the
dump-pulse envelope. The other parameters of the dump-pulse and the Raman
probe are 6, =21fs,0,=0.5fs,and 6, =0.5fs.

Figure 3B shows the signal generated by the interaction
of the system with the dump-pulse, with wy= 0.8 eV at 7, =
43 fs. The signal here is short-lived and approximately follows
the field of the dump-pulse and nearly vanishes by 7, ~ 10 fs.
A weak signal persists until 7; = 30 fs because of the motion
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Fig. 5. Two-dimensional Raman signals for (A and B) coupled and (C and D) decoupled electronic states. (A and C) Signals of type (b) show the time interval during which
the system is resonant with the dump-pulse frequency along the 7, axis, whereas the decay of the wave function overlap appears along the 7, axis. (B and D) Signals of type
(c) are shown here, along with the white dashed curve showing the time-varying electronic state separation approximated using the wave functions in the V; state. The other
parameters of the dump-pulse and the Raman probe are 6, =2 fs, w,=1eV, 6, =0.5fs,and 6, = 0.5 fs.

of wave packets in the CI region. A SWiFT spectrum is con-
structed for the Raman signal in Fig. 3C to visualize the
evolving electronic state separation and is shown in Fig. 3D.
The signal is localized below 1 eV and does not decay entire-
ly after the dump-pulse vanishes. A revival of the signal at
71 (7p) 225 fs (corresponding to 68 fs in Fig. 1C) in Fig. 3C
and D appears because of the recrossing of the wave packets
through the CI

To demonstrate the interplay of the coherence generated by
the dump-pulse and the CI, we construct frequency-dispersed
Raman signals (S(wg,7 ;00 = 0.8€V, 7y = 40fs); Eq. 7) for the
model system with and without diabatic couplings. There is no
population transfer near the intersection of the electronic states
when the diabatic couplings are removed from the model sys-
tem shown in Fig. 1A. Figure 4A and B shows the Raman sig-
nals for the system with and without coupled electronic states,
respectively. The Raman gain-loss features can be observed in
both spectra when the dump-pulse (green curve) is applied.
The signals here are similar to a TRUECARS signal, except
that the coherence has been created by a laser pulse instead
of the CI. The black dashed curve shows an approximate
time-dependent electronic state separation curve to track the
intersection of the electronic states (see Eq. S18). Note that the
approximate electronic state separation curve is obtained using
nuclear wave functions of the V; state and is only applicable
when the wave packets are localized on the PESs near and
before the CI. The signal intensities drop substantially after the
dump-pulse vanishes, but a weak signal appears in Fig. 4A until
after 30 fs, which is missing in Fig. 4B. The appearance of the
signal in Fig. 4A after ~15 fs can be attributed to the revival of
the coherence generated by the dump-pulse, after the CI when
the black dashed curve touches @, = 0 eV. When the dump-
pulse-generated coherence goes through the CI, it gives rise to

a new coherence in which the wave packets are antisymmetric
about R,. This phenomenon is denoted as the revival of the
dump-pulse-generated coherence due to the passage through
the CI. The 3 consecutive passages through the CI give rise to
multiple coherences that interfere with each other. Hence, the
period of oscillations in Fig. 4A after the CI does not clearly
represent the electronic state separation (black dashed curve).
Note that only the intrinsically generated coherence cannot
be observed directly in our system because of the symmetric
nature of the polarizability and antisymmetric nature of the
diabatic couplings. Therefore, studying the evolution of the coher-
ence created by the dump-pulse may help track the occurrence
of a CI even if the intrinsic electronic coherence cannot be ob-
served because of symmetry constraints or restrictions in
Raman selection rules.

To study the decoherence time of the electronic superpo-
sition and to map the time-varying electronic state separation,
we construct the full 2-dimensional signals of type (b) and (c)
by varying both delays 7, and 7;. We construct 2-dimensional
spectra for the model system with and without the coupled
electronic states to study the significance of the CI. The result-
ing spectra are shown in Fig. 5. Distinct signals appear after
7o = 30 fs in Fig. 5A and C when the wave packets arrive in
the region that is resonant with the dump-pulse frequency.
Along the 7 axis, the phase of signals in Fig. 5A and C changes
by 180° after ~50 fs when the wave packet crosses through the
intersection, which indicates a change from the stimulated
emission to the absorption of the dump-pulse photons. A
similar phase change appears around 7, = 80 fs when the wave
packets go through the intersection region again. Between
7y = 50 and 80 fs, a nonvanishing signal appears above 7, =
10 fs in Fig. 5A, which is missing in Fig. 5C. Between 7, = 50
and 80 fs in Fig. 5A, the decoherence time is longer than 20 fs
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and starts to decrease again after 80 fs. The extended lifetime
of the coherence in Fig. 5A can be attributed to the revival of
the coherence because of the generation of new coherences
after each passage through the CI.

The information about the evolving electronic state sepa-
ration can be obtained by Fourier transforming the 7, axis for
Fig. 5A and C, as shown in Fig. 5B and D, respectively. In Fig.
5B and D, a strong signal emerges after 30 fs that follows the
white dashed curve, which shows the changing electronic state
separation with time. A vanishing signal that appears around
50 and 75 fs in Fig. 5B and D corresponds to the time interval
when the phase of the signal switches along the 7, axes in Fig.
5A and C. The increasing electronic state separation can be
seen after 80 fs when the wave packets move away from the
intersection region in both signals. Spectra in Fig. 5B and D
differ in the CI region where there are oscillations below 1 eV
in Fig. 5B, which are absent in Fig. 5D. After the passage
through the CI, the spectrum that follows the white dashed
curve in Fig. 5B faces a dip in intensity compared to before the
CI. Such a decrease in the intensity is not observed in Fig. 5B.
Spectra similar to Fig. 5B with several dump-pulse frequencies
can be used to trace out the entire dynamics and are avail-
able in the Supplementary Materials. Therefore, the use of few
femtoseconds-short dump—-pulses with a fixed center frequency
to construct a spectrum with 7 and 7, as parameters may help
track the changing electronic state separation with time along
with visualizing the lifetime of the artificial coherence near and
far from the CIL.

Conclusion

We have presented a nonlinear, 2-dimensional, Raman tech-
nique that is studied using a CI in a molecular model system.
The proposed technique can be viewed as an extension to the
TRUECARS technique, which adds a dump-pulse to the scheme.
We have explored different combinations of dump-pulse and
Raman probe parameters to investigate the signatures of the
CI. We could demonstrate that this technique carries infor-
mation about the vibronic coherences created in the vicinity
of the CI and the dynamic electronic state separation before
and after the CI. The investigated signals are not sensitive to
intrinsic vibrational coherences as they are, for example, cre-
ated by the UV pump-pulse. The presented 2-dimensional
spectra containing 2 main pieces of information, namely,
the time-varying energy separation between the electronic
states and the lifetimes of the created electronic coherences.
These lifetimes can be read from the spectrum easily and are
connected to the gradient difference of the involved electronic
states, along with the nonadiabatic dynamics near CI.

This technique is an enhancement of the TRUECARS tech-
nique in the following ways: (a) The region before the nuclear
wave packet that reaches the CI can now also be explored. (b)
The insensitivity of the signal to preexisting vibrational coher-
ences increases the contrast of the Raman probe. (c) The signal
contains information of the coherences created in the vicinity
of the CI, even if their TRUECARS signature vanishes because
of Raman selection rules.
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